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ABSTRACT: Advanced composite materials offer remarkable potential in the 
strengthening of Civil Engineering structures. This research is targeted to provide in 
depth knowledge and understanding of bond characteristics of advanced and corrosion 
resistant material Carbon Fibre reinforced Polymer (CFRP) that has a unique design 
tailor-ability and cost effective nature. The objective of this research is to investigate 
and compare the bonding mechanism between CFRP strengthened single and double 
strap steel joints. Investigations have been made in regards to failure mode, ultimate 
load and effective bond length for CFRP strengthened double and single strap joints. 
A series of tensile tests were conducted with different bond lengths for both type of 
joints. The bond behaviour of these specimens was further investigated by using 
nonlinear finite element analysis. Finally a bilinear relationship of shear stress-slip has 
been proposed by using the finite element model for single and double strap joints. 
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Notations 
Ea=Tensile modulus of adhesive 
Ef=Tensile modulus of carbon fibre 
Ee,CFRP =Equivalent longitudinal modulus of CFRP 
l1  = shorter bond length  
l2  = longer bond length  
ta= Thickness of the adhesive layer 
tf  = Thickness of carbon fibre layers 
τf= Adhesive maximum shear stress (MPa) 
1δ = Initial slip (mm) 
δf = Maximum slip (mm) 
 
1   INTRODUCTION 
 
Steel, being one of the primary construction materials for decades, is used in 
construction of wide range of structures across the world, for instance; truss, primary 
vertical elements, vast parking shades, bracing members etc. Applications of steel also 
include large warehouses, shopping malls, churches, community halls, amusement 
rides and bridges. Construction industry mostly rely on the conventional construction 
products when it comes to retrofitting, rectification, strengthening or repair. The 
conventional method of repairing or strengthening steel structures is to cut out and 
replace plating or to attach external steel plates. These conventional methods are less 
effective and increase maintenance costs (Karbhari and Shulley 1995). Thus there is a 
need of more efficient and reliable retrofitting and restoration method. 
Carbon fibre reinforced polymer (CFRP) has been used in the military and aerospace 
applications for more than two decades (Miller et al. 2001). More recently there has 
been an increasing trend to use these materials to retrofit aging structures. CFRP sheet 
has high strength to weight ratio, resistance to corrosion and environmental 
degradation. It is very flexible to form all kinds of shapes, and easy to handle during 
construction (Alsayed et al. 2000 and Moy 2001). The material has been used to 
strengthen concrete structures for a decade (Teng et al 2001), however has recently 
been adapted to strengthen steel structures. Zhao (2009) explained recent research on 
CFRP strengthened metallic structures. Fawzia (2008) has undertaken research on 
CFRP strengthened double strap joint configuration with Araldite 420 adhesive to 
identify the bond characteristics of strengthened structures. Araldite 420 is a two 
component adhesive of high tensile strength. Fawzia (2008) has experimentally 
investigated the strength of this adhesive and found it to be 32Mpa. 
 
Limited research has been conducted on single strap joint configurations. Campilho et 
al (2008) have conducted an experimental and numerical study concerning the tensile 
behaviour of CFRP laminate single strap repairs. However, there appears to be a lack 
of research in single strap joints with CFRP sheet application under tensile loading. In 
this study, two series of tests were conducted with double strap and single strap 
specimens of different bond lengths using the same adhesive, Mbrace saturant. 
Mbrace saturant is a two-part adhesive with tensile strength of 24.8 MPa [Fawzia 
2008]. It was necessary to prepare double strap joint in conjunction with single strap 
joint for direct comparison. Fawzia (2008)  has conducted double strap joint 
experiment using Araldite 420 adhesive with different specimen size. Therefore those 
results cannot be directly compared with present results. Testing was conducted in the 
Instron machine at QUT (Queensland University of Technology) laboratory. As 
mentioned earlier, the main objectives of this study is to investigate and compare 
bond characteristics of double and single strap joint in regards to failure mode, 
effective bond length and ultimate load. The bond behaviour of the specimens is 
further investigated by using nonlinear finite element analysis. Finite element model 
is used to determine shear stress and slip relationship of double and single strap joints.        
2. MATERIAL PROPERTIES AND SPECIMEN PREPARATIONS  
2.1. Material property 
 
CFRP material 
 
For the experimental program in this study, unidirectional Mbrace Fibre CF130 was 
chosen as the test CFRP. Fawzia (2008) has conducted coupon tests on Mbrace fibre 
in accordance with ASTM:D 3039 (ASTM,2000) and found that the modulus of 
elasticity and tensile strength of the CFRP were 230 GPa and 2675 MPa respectively.  
Adhesive material 
 
The adhesive chosen for the experimental program is a two part adhesive called 
Mbrace saturant. Fawzia (2008) has conducted coupon tests of Mbrace saturant in 
accordance with ASTM:D 638-01 (ASTM, 2001) and found that the modulus of 
elasticity and tensile strength of the adhesive were 2028MPa and 24.8 MPa 
respectively.  
Steel plate 
 
The steel plate used in the testing was 25mm wide and 10mm thick. The steel yield 
strength and ultimate tensile strength are 320MPa and 440MPa respectively. 
 
2.2  Specimen preparation 
 
The first step of specimen preparation is to measure the thickness of steel plates. 
Grinding was then commenced on one side of the steel plate for single strap 
specimens and on both sides of the steel plate for double strap specimens. Figure 1 
show the different grinded length of the steel. The thickness of the steel along the 
bond length was measured again after grinding. Thicknesses were taken in three 
different locations and then averaged. The steel plates were then cut to the size of the 
specimen (i.e. the combined length of the two plates that each specimen would be 
assembled from). After specimens were grinded and cut in right sizes, bonding of the 
CFRP could commence. The two plates were first bonded together at the shorter end 
of the plate. Prior to the application of this adhesive the ends were cleaned with 
acetone to remove rust and other contaminants. The specimens were then left to cure 
overnight. A layer of adhesive was then applied to the specimen and a sheet of carbon 
fibre was laid. The specimen was then pressed with a ribbed roller to ensure there is 
no void in the adhesive layer.  This process was repeated until three layers of CFRP 
sheet had been applied. The same procedure was followed in the other side of steel 
plate for double strap joint. The thickness of the full specimen along the bond length 
was measured after the application of CFRP. Single strap and double strap specimens 
prepared for the experiments are shown in Figure 2. Figure 2 is representing different 
bond length specimens. A schematic of the single and double strap specimens are 
shown in Figure 3. In this figure l1 represents shorter bond length and l2 represents 
longer bond length. One side of the bond length was kept longer to make sure that 
failure happened on shorter bond length. In some cases transverse wrapping was also 
used to provide extra strength to the longer bond length side. 
 
 
3. EXPERIMENTS 
 
3.1 Test setup 
Each specimen was loaded in Instron Machine as shown in Figure 4 and the 
specimens were tested under tensile load at ambient temperature and humidity. A 
displacement control regime was used at a constant displacement rate of 2 mm/min. 
The failure load was recorded for each specimen. Ten single strap and eleven double 
strap specimens were tested. 
 
 
3.2. Test results 
 
3.2.1 Failure mode 
 
 
The test results showed that all of the specimens exhibited steel adhesive interface 
debonding (Figure 5). There was a clean break in all cases, with no adhesive 
remaining on the steel. Details of these types of failure mode can be found in Zhao 
and Zhang (2007).  
3.2.2 Ultimate load 
The ultimate loads obtained for single and double strap joints in the test are 
summarized in Tables 1 and 2 respectively. The first letter ‘S’ denotes single and 
second letter ‘S’ denotes strap in Table 1. The letter ‘D’ denotes double and ‘S’ 
denotes strap in Table 2. From these two tables it is understood that ultimate load for 
double strap joint is higher compared with single strap joint. For lower bond length it 
is more than double but for higher bond length it is around 1.2% increase from single 
strap results. Therefore it can be concluded that double strap joint is not doubling the 
carrying capacity compared with same bond length single strap joint.  
 
3.2.3 Effective bond length 
 
In order to determine the effective bond length of the single and double strap joint 
configurations, bond lengths have been plotted against ultimate loads in Figure 6 and 
7 respectively. It can be seen from these two figures that the load carrying capacity 
reaches a plateau after the bond length exceeds a certain value. This length, beyond 
which no significant increase in load carrying capacity will occur, is called the 
effective bond length. A similar concept was used in Fawzia et al (2005). From Figure 
6 and 7 it can be concluded that the effective bond lengths for single and double strap 
joints are 100 and 75 mm respectively.  
Fawzia et al (2006) found that the effective bond length was 75 mm in 50mm wide 
double strap specimens with Araldite 420 adhesive. By comparing the present results 
with previous findings (Fawzia et al, 2006), it appears to be a fair assumption that the 
width of the specimen has little effect on the effective bond length. Also this research 
concludes that Araldite 420 adhesive and Mbrace saturant adhesive do not have any 
difference in regards to effective bond length. 
 
4. FINITE ELEMENT MODELING 
 
In this study, Finite element model (FEM) is used to perform tensile testing 
simulations by nonlinear static analysis on double and single strap joints bonded by 
adhesive and CFRP sheet material. Special attention needs to be paid when joining 
two different materials, in this particular case adhesive bonding between steel and 
CFRP. The simulation was implemented using commercially available nonlinear 
finite element analysis software Strand7. The findings from Finite element models are 
validated by using experimental results. Tables 3 and 4 present comparisons of the 
ultimate loads achieved from FEM and experiment. A mean ratio of 1.1 is achieved 
with a coefficient of variation (COV) of 0.149 for single strap joint. A mean ratio of 
1.008 is achieved with a coefficient of variation (COV) of 0.142 for double strap 
joint. The analytical load carrying capacity was found to be in close agreement with 
that obtained experimentally. 
Since the specimen is symmetric, only one eighth of the specimen is modelled for 
double strap joint and one fourth of the specimen is modelled for single strap joint. 
Both single and double strap joint modelled as a 3D model. Three layers of CFRP are 
bonded to the steel on either side of double strap joint and on one side of single strap 
joint. Each layer of CFRP has thickness of 0.176 mm as given by the manufacturer. 
The adhesive layer thickness used was 0.7 mm measured after complete preparation 
of test specimen. The equivalent CFRP layer thickness used in FEM model is 3 layers 
of CFRP thickness plus 2 layers of adhesive thickness.  
The equivalent longitudinal modulus of CFRP (Ee,CFRP) layer is determined by using 
the equation as shown below: 
                                                                                                    1 
Where Ea and Ef are the tensile modulus of the adhesive and carbon fibre reinforced 
polymer, respectively. The terms ta and tf represent the thickness of the adhesive and 
carbon fibre reinforced polymer layers, respectively.                                                            
Figure 8 shows the FEM model for single strap joint, where the first layer is steel and 
second layer is adhesive and third layer is CFRP material. 
 
4.1 Existing bilinear shear stress and slip relationship 
 
A schematic view of bilinear shear stress and slip relationship is shown in Figure 9 for 
CFRP plate which can be defined by three parameters δ1, τf and δf [Xia and Teng 
2005]. The initial stiffness of the shear stress-slip curve is high, representing linear 
elastic state. Initiation of interfacial softening stage means load continues to increase 
as the length of the softening zone increases. The ultimate load is first attained at the 
end of this stage and then propagation of debonding starts. The local shear stress and 
slip relationship is reasonably consistent between different locations on the same 
specimen.  
 
4.2 Comparison of shear stress and slip relationship for double and single strap joint 
 
Existing work on shear stress-slip relationships for CFRP sheet strengthened single 
and double strap steel joint is limited. Xia and Teng 2008 only investigated the shear 
stress-slip relationship for CFRP plate- strengthened steel structures where the 
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adhesive and specimen configuration was different. The Finite element model has 
already been validated by using experimental results and found comparable results. 
Because of this in the present research the shear stress and slip has been determined 
from the adhesive layer by using numerical model. Figure 10 and 11 are shown the 
shear stress and slip relationship of single and double strap joints respectively. The 
shear stress is exactly same for both double and single strap joint. Both figures show 
similar trend which is bilinear shape. Therefore it can be concluded that the shear 
stress and slip relationship for single and double strap is a bilinear shape which has a 
linear elastic, softening and debonding stage. 
 
5  CONCLUSION 
 
Two series of double and single strap specimen loaded in tension were carried out to 
compare the bond characteristics between double and single strap joint. The following 
conclusions and observations are made based on test results. 
 
1. The failure mode is the same for single and double strap joint of steel adhesive 
interface debonding. 
2. The single strap joint ideally should have effective bond length twice the 
effective bond length of double strap joint as double strap joint uses same 
amount of material in either side (doubling the material). Therefore single 
strap joint should necessarily need longer length to achieve equivalent 
capacity of the same bond length of double strap joint. But the experimental 
result shows that it is 1.2 times the effective bond length of double strap joint. 
Therefore single strap joint is efficient in regards to cost efficiency.  
3. The shear stress and slip relationship is a bilinear shape for both single and 
double strap joints. 
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